Escherichia coli (328 isolates), Klebsiella pneumoniae (296), Klebsiella oxytoca (44), and Proteus mirabilis (33) isolates collected during 2012 from the nine U.S. census regions and displaying extended-spectrum-␤-lactamase (ESBL) phenotypes were evaluated for the presence of ␤-lactamase genes, and antimicrobial susceptibility profiles were analyzed. The highest ESBL rates were noted for K. pneumoniae (16.0%, versus 4.8 to 11.9% for the other species) and in the Mid-Atlantic and West South Central census regions. CTX-M group 1 (including CTX-M-15) was detected in 303 strains and was widespread throughout the United States but was more prevalent in the West South Central, Mid-Atlantic, and East North Central regions. KPC producers (118 strains [112 K. pneumoniae strains]) were detected in all regions and were most frequent in the Mid-Atlantic region (58 strains). Thirteen KPC producers also carried bla CTX-M . SHV genes encoding ESBL activity were detected among 176 isolates. Other ␤-lactamase genes observed were CTX-M group 9 (72 isolates), FOX (10), TEM ESBL (9), DHA (7), CTX-M group 2 (3), NDM-1 (2 [Colorado]), and CTX-M groups 8 and 25 (1). Additionally, 62.9% of isolates carried >2 ␤-lactamase genes. KPC producers were highly resistant to multiple agents, but ceftazidime-avibactam (MIC 50/90 , 0.5/2 g/ml) and tigecycline (MIC 50/90 , 0.5/1 g/ ml) were the most active agents tested. Overall, meropenem (MIC 50 , <0.06 g/ml), ceftazidime-avibactam (MIC 50 , 0.12 to 0.5 g/ml), and tigecycline (MIC 50 , 0.12 to 2 g/ml) were the most active antimicrobials when tested against this collection. NDM-1 producers were resistant to all ␤-lactams tested. The diversity and increasing prevalence of ␤-lactamase-producing Enterobacteriaceae have been documented, and ceftazidime-avibactam was very active against the vast majority of ␤-lactamase-producing strains isolated from U.S. hospitals.
T
he ␤-lactamase production scenario among Enterobacteriaceae isolates collected in U.S. hospitals differs from that of most other countries due to the late appearance of CTX-M-producing isolates (1) (2) (3) , high prevalence of KPC producers (4, 5) , and low incidence of isolates carrying metallo-␤-lactamase genes (4) . Within the United States, there are also differences in the prevalence of KPC-producing isolates, and although KPC-mediated resistances have been reported throughout the United States, the New York City area is where these strains seem to be endemic (6) , and these strains have recently been isolated in Texas with increasing frequency (7) . Furthermore, extended-spectrum-␤-lactamase (ESBL) rates have been documented to vary among U.S. regions (8) , and the extent of genetic diversity of ␤-lactamase combinations among ESBL-positive phenotypes has only recently been documented (9) . This unique profile raises awareness not only for the need for surveillance of these resistance mechanisms but also for the necessity of therapeutic options to treat multidrug-resistant isolates, including KPC-producing organisms that may be resistant to all classes of clinically available antimicrobial agents, including colistin and/or tigecycline (10, 11) .
Avibactam is a novel non-␤-lactam ␤-lactamase inhibitor of enzymes belonging to Ambler structural classes A and C and some class D enzymes (12) . In a previous study (13) , avibactam combined with ceftaroline was able to extend the activity of the cephalosporin against ␤-lactamase-producing isolates, including those carrying bla KPC . The vast majority of tested isolates were resistant to ceftaroline alone but were susceptible in the presence of avibactam (13) .
We evaluated 701 ESBL-phenotype-positive isolates of Escherichia coli, Klebsiella spp., and Proteus mirabilis, identified by using reference criteria (14, 15) , for the prevalence of common ␤-lactamase-encoding genes and analyzed the distribution of these genes in each U.S. census region. Detection of ␤-lactamase genes/groups was performed by using a validated commercial methodology for U.S. isolates (9) . Additionally, we analyzed the activities of ceftazidime-avibactam and comparator agents tested against isolates with the most prevalent, characterized ␤-lactamases.
MATERIALS AND METHODS

Bacterial isolates.
A total of 5,739 isolates of E. coli (n ϭ 2,767), Klebsiella spp. (n ϭ 2,289 [1,847 K. pneumoniae and 442 K. oxytoca isolates]), and P. mirabilis (n ϭ 683) were consecutively collected from 72 U.S. hospitals during 2012 for analysis. Only one isolate per patient was included in the study, from the following sites of infection: bloodstream (n ϭ 991), respiratory tract from hospitalized patients (n ϭ 1,047), intra-abdominal sources (n ϭ 285), skin and skin structure sources (n ϭ 1,565), urinary tract (n ϭ 1,558), and other or unknown sources (n ϭ 293). Species identification was confirmed when necessary by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) using the Bruker Daltonics (Billerica, MA, USA) MALDI Biotyper according to the manufacturer's instructions.
Antimicrobial susceptibility testing. All isolates were tested for susceptibility by using dry-form Sensititre panels from ThermoFisher Scientific (formerly Trek Diagnostic Systems, Inc., Cleveland, OH) and the reference broth microdilution method as described by the Clinical and Laboratory Standards Institute (CLSI) (14) . Categorical interpretations for all antimicrobials were those found in method M100-S23 (15) and those reported by the EUCAST (16) . Quality control (QC) was performed with E. coli ATCC 25922, K. pneumoniae ATCC 700603, and Pseudomonas aeruginosa ATCC 27853, and all QC results were within specified ranges reported in CLSI documents (15) .
Screening for ␤-lactamases. Isolates displaying the CLSI criteria for an ESBL phenotype (MIC of Ͼ1 g/ml for aztreonam, ceftazidime, and/or ceftriaxone [15] ) were tested for ␤-lactamase-encoding genes by using the microarray-based assay Check-MDR CT101 kit (Checkpoints; Wageningen, Netherlands). The assay was performed according to the manufacturer's instructions. This kit has the capability to detect CTX-M groups 1, 2, 8 plus 25, and 9; TEM WT and ESBL; SHV WT and ESBL; ACC; ACT/MIR; CMYII; DHA; FOX; KPC; and NDM-1.
Multilocus sequence typing. NDM-1-producing K. pneumoniae isolates were evaluated by multilocus sequence typing (MLST) according to methods of the Institut Pasteur (Paris, France) (http://www.pasteur.fr /recherche/genopole/PF8/mlst/Kpneumoniae.html). Prevalence of ␤-lactamase genes detected. CTX-M group 1 was the most prevalent positive result in the microarray-based assay and was detected in 303 (43.2%) isolates. CTX-M group 1, here named CTX-M-15-like, has been documented to be the most prevalent CTX-M type in U.S. hospitals (2, 3, 9, 17) . This group included CTX-M-15, CTX-M-3, and CTX-M-1, which have been observed in the United States (3, 9) . This gene/family was detected among all bacterial species evaluated and across all U.S. census regions (Table 1) , being more prevalent in the West South Central (67 strains; 61.5% of the isolates from region), East North Central (50 strains; 50.5%), and Mountain (27; 48.2%) regions (Table 1 ). Other regions had 14.2 to 24.3% CTX-M-15-like-producing isolates among the ESBL-producing strains identified.
RESULTS AND DISCUSSION
ESBL
A CTX-M-15-like phenotype was observed in combination with up to 4 other ␤-lactamase-encoding genes or gene families included in the applied microarray in 181 isolates. The most common combination was CTX-M-15-like plus TEM WT or narrowspectrum enzymes (83 isolates), followed by CTX-M-15-like plus SHV WT plus TEM WT (42 isolates). However, 53 strains harboring CTX-M-15-like genes also carried determinants encoding other ␤-lactamases having broad-spectrum activity, including carbapenemases (NDM-1 and KPC), ESBLs (CTX-M group 9, SHV, and TEM), and plasmid-mediated AmpCs.
The second most prevalent group/family was the SHV enzymes with an extended spectrum of activity (SHV ESBL), which were detected among 176 (25.1%) isolates from all bacterial species and census regions (Table 1) . From our previous studies (9), SHV-12, SHV-5, SHV-7, SHV-2, and SHV-30 (in that order) were the most common SHV ESBL types found in U.S. hospitals (3, 9) . SHV ESBLs were the only enzymes detected in 68 isolates and were noted in various combinations with other ␤-lactamases among other isolates.
KPC serine carbapenemases were observed in 118 (16.8%) isolates, most of them K. pneumoniae (112 isolates; 94.9%). Three isolates each of E. coli and K. oxytoca also harbored this gene (two of each species were from the Mid-Atlantic region). KPC-producing isolates were detected in all census regions and were most prevalent in the Mid-Atlantic region (58 isolates; 16.4% of the ESBL-phenotype-positive strains), which includes the New York City area, where KPC-carrying isolates were first reported to be endemic (18, 19) . The West South Central, South Atlantic, East North Central, and Mountain regions had occurrences of KPC producers of 7.2 to 18.6%. In the remaining census regions, the prevalence of KPC producers was Ͻ3.5% (1 to 4 isolates). KPCproducing isolates often harbored TEM WT and SHV WT (ubiquitous in K. pneumoniae), but 13 isolates with CTX-M-15-likeencoding genes were also observed. In two independent surveillance initiatives from 2007, KPC-producing isolates did not harbor genes encoding CTX-M-15-like enzymes, whereas in more recent evaluations, numbers of isolates carrying genes encoding both types of enzymes seem to be increasing. Isolates having bla KPC and bla CTX-M-15 detected in this study and in a 2010 data set (9) were in all instances K. pneumoniae isolates, suggesting that this bacterial species is able to accumulate multiple genetic elements harboring resistance genes.
The most common CTX-M group 9 enzymes found among isolates from the United States were CTX-M-14 and CTX-M-27 (3, 9) (here named CTX-M-14-like). Most of these 72 isolates (10.3%) were E. coli (57 isolates). However, this enzyme group was also detected in K. pneumoniae and P. mirabilis (6 and 9 isolates, respectively). CTX-M-14-like-producing isolates were obtained from all census regions, and the prevalence varied from 7.1 to 18.9% of the isolates tested in each region, with the highest incidence in the Pacific region and the lowest in the East North Central region (Table 1) . A total of 43 CTX-M group 9-positive isolates were also positive for the probes targeting DHA, CMYII, TEM, and SHV, in addition to two isolates harboring genes encoding CTX-M-15-like enzymes.
Sixty-four isolates were CMYII probe positive on the Check-MDR CT101 kit, which has the ability to detect the majority of the nonintrinsic genes encoding CMY-2-like variants (Check-points, personal communication). CMY-2 has been demonstrated to be the most commonly detected acquired cephalosporinase (AmpC) gene in U.S. hospitals (3, 9) . CMY-2-like-positive isolates included 50 E. coli isolates, 13 P. mirabilis isolates, and 1 K. pneumoniae isolate, which were observed in all U.S. census regions and were noted to be most prevalent in the West North Central region (20.8%; other regions, 3.6 to 11.0% of the isolates tested of each region).
Two NDM-1-producing K. pneumoniae isolates were detected from one medical center in the Mountain region. These isolates were clonally related (MLST type 147), also carried CTX-M group 1 genes, and were recently reported by the U.S. Centers for Disease Control and Prevention (CDC) (20) .
Other ESBLs screened by the Check-points methodology were also detected in smaller numbers, as follows: FOX (10 isolates, 4 regions), TEM ESBL (9 isolates, 5 regions), DHA (7 isolates, 4 regions), CTX-M group 2 (3 K. pneumoniae isolates, Mid-Atlantic region only [1 hospital]), and CTX-M groups 8 and 25 (1 P. mirabilis isolate, Mid-Atlantic region). Additionally, TEM enzymes with limited-spectrum activity (TEM WT) were quite prevalent and were detected in 341 isolates from all four screened species. SHV WT enzymes are considered ubiquitous among K. pneumoniae isolates, but they were also noted in four isolates from other bacterial species (E. coli and K. oxytoca).
Seventy isolates yielded a negative result for all ␤-lactamaseencoding genes/families tested. The majority of these ␤-lactamase-negative isolates displayed borderline MIC values (Յ2 g/ ml) ( Table 2) for the ␤-lactams used for ESBL screening (15) . K. oxytoca strains that yielded negative results had the characteristic profile of OXY hyperproducers, as recently demonstrated (9), displaying elevated aztreonam and ceftriaxone and low ceftazidime MICs.
Susceptibility profiles of ESBL-phenotype-positive isolates. KPC producers were very resistant to all ␤-lactams tested, with the exception of ceftazidime-avibactam (MIC 50/90 , 0.5/2 g/ml) Table 2 ). Among other antimicrobial classes, only tigecycline (a glycylcycline) exhibited good activity against these strains (MIC 50/90 , 0.5/1 g/ml) ( Table 2) .
Isolates harboring bla CTX-M-15 -like genes that did not carry carbapenemase-encoding genes displayed elevated MIC values for cephalosporins: 14.6 and 0.0% were susceptible to ceftazidime and ceftriaxone, respectively (CLSI criteria) ( Table 2 ). Antimicrobial agents showing the greatest activity against these isolates were piperacillin-tazobactam (67.2% susceptible), tigecycline (98.3%), and meropenem (99.0%). All CTX-M-15-like-producing isolates had ceftazidime-avibactam (MIC 50/90 , 0.12/0.5 g/ml) MIC values at Յ2 g/ml.
Meropenem (MIC 50/90 , Յ0.06/0.12 g/ml), ceftazidime-avibactam (MIC 50/90 , 0.25/1 g/ml), and tigecycline (MIC 50/90 , 0.5/1 g/ ml) (Table 2) were the most active agents tested against isolates carrying SHV ESBL without the presence of carbapenemases. Applying CLSI breakpoint criteria, ceftazidime and piperacillin-tazobactam displayed acceptable activity against CTX-M-14-like-carrying isolates, with 74.3 and 92.9% of isolates categorized as being susceptible to these agents, respectively. Meropenem (MIC 50/90 , Յ0.06/Յ0.06 g/ml), ceftazidime-avibactam (MIC 50/90 , 0.12/0.25 g/ml), and tigecycline (MIC 50/90 , 0.12/1 g/ml) ( Table 2) were the most active agents tested against these strains.
Isolates that were positive for CMY-2-like-encoding genes but not carrying carbapenemases showed slightly lower MIC values against most ␤-lactams than other groups; however, resistance rates were still elevated for cephalosporins (63.0 to 100.0%) ( Table  2) . Ceftazidime-avibactam (MIC 50/90 , 0.06/0.12 g/ml) was very active against these isolates.
NDM-1 producers were highly resistant to all agents tested, including ceftazidime-avibactam (MIC, Ͼ32 g/ml), but were susceptible to tigecycline (MIC values of 0.5 g/ml for both strains [data not shown]).
As recently demonstrated by our group and others (3, 9), CTX-M-15-like-producing isolates followed by organisms carrying genes encoding KPC and SHV ESBL were very prevalent among ESBL-phenotype-positive E. coli, Klebsiella species, and P. mirabilis isolates collected during 2012 in U.S. hospitals. Additionally, a very large proportion (62.9%) of the isolates carried multiple ␤-lactamases in combinations involving all genes/families detected by the microarray assay utilized. These isolates represented all bacterial species assessed and were detected in all U.S. census regions, but despite the ␤-lactamase enzymes or combinations of enzymes produced, ceftazidime-avibactam displayed potent activity against ␤-lactamase-producing isolates (except those harboring NDM-1).
Variations were observed in the prevalence of ESBL-phenotype-positive strains and ␤-lactamase production among isolates collected from monitored U.S. census regions. To our knowledge, this is the first comprehensive study to characterize ␤-lactamases for a large collection of U.S. Enterobacteriaceae, allowing the analysis of isolates stratified by geographic area. An understanding of the regional epidemiology of ␤-lactamases seems prudent to guide hospital and public health policies to minimize the further dissemination of these resistance genes and also to establish antimicrobial stewardship guidelines. 
